Renal defects in KCNE1 knockout mice are mimicked by chromanol 293B in vivo: identification of a KCNE1-regulated K+ conductance in the proximal tubule by Neal, A M et al.
J Physiol 589.14 (2011) pp 3595–3609 3595
T
h
e
J
o
u
r
n
a
l
o
f
P
h
y
s
i
o
l
o
g
y
Renal defects in KCNE1 knockout mice are mimicked
by chromanol 293B in vivo: identiﬁcation of a
KCNE1-regulated K+ conductance in the proximal tubule
A. M. Neal, H. C. Taylor, I. D. Millar, J. D. Kibble, S. J. White and L. Robson
Department of Biomedical Science, University of Shefﬁeld, Shefﬁeld S10 2TN, UK
Non-technical summary The kidney plays a critical role in regulating body ﬂuid volume and
blood pressure by conserving ions, solutes and water. Knowing the processes that underpin the
handling of ions, solutes and water by the kidney is essential to our understanding of ﬂuid
a n db l o o dp r e s s u r er e g u l a t i o n .M o v e m e n to fi o n si sm e d i a t e db ys p e c i ﬁ ct r a n s p o r tp r o t e i n s
found in the membranes of kidney cells. These proteins are regulated by additional proteins,
calledaccessoryproteins.Inthecurrentstudy,wehaveexaminedtheroleoftheaccessoryprotein
KCNE1inregulatingachannel,KCNQ1,whichisimportantinkidneyfunction.Wehaveobserved
that in the absence of KCNE1 the kidney has difﬁculty conserving sodium, chloride and water.
However, by using speciﬁc inhibitors of these proteins we have also determined that although
KCNE1 has a role in kidney function, the mechanism of its action is unlikely to be by regulating
the protein KCNQ1.
Abstract KCNE1 is a protein of low molecular mass that is known to regulate the chromanol
293B and cloﬁlium-sensitive K+ channel, KCNQ1, in a number of tissues. Previous work on the
kidneyofKCNE1andKCNQ1knockoutmicehasrevealedthattheseanimalshavedifferentrenal
phenotypes, suggesting that KCNE1 may not regulate KCNQ1 in the renal system. In the current
study, in vivo clearance approaches and whole cell voltage-clamp recordings from isolated renal
proximal tubules were used to examine the physiological role of KCNE1. Data from wild-type
mice were compared to those from KCNE1 knockout mice. In clearance studies the KCNE1
knockout mice had an increased fractional excretion of Na+,C l −,H C O 3
− and water. This proﬁle
was mimicked in wild-type mice by infusion of chromanol 293B, while chromanol was without
effect in KCNE1 knockout animals. Cloﬁlium also increased the fractional excretion of Na+,C l −
and water, but this was observed in both wild-type and knockout mice, suggesting that KCNE1
was regulating a chromanol-sensitive but cloﬁlium-insensitive pathway. In whole cell voltage
clamp recordings from proximal tubules, a chromanol-sensitive, K+-selective conductance was
identiﬁed that was absent in tubules from knockout animals. The properties of this conductance
werenotconsistentwithitsbeingmediatedbyKCNQ1,suggestingthatKCNE1regulatesanother
K+ channelintherenalproximaltubule.TakentogetherthesedatasuggestthatKCNE1regulatesa
K+-selectiveconductanceintherenalproximaltubulethatplaysarelativelyminorroleindriving
the transport of Na+,C l − and HCO3
−.
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Introduction
KCNE1 (also known as minK and IsK) is a protein
of molecular mass approximately 14.5kDa that belongs
to the KCNE family. These proteins act as β sub-
units, regulating the pore-forming subunits of ion
channels (reviewed by Pongs & Schwarz, 2010). KCNE1
was ﬁrst identiﬁed in rat kidney (Takumi et al.
1988), but most subsequent work has concentrated on
the role it plays in the heart. KCNE1 regulates the
voltage-gated K+ channel KCNQ1, which is found in
both excitable and non-excitable tissues. In the pre-
sence of KCNE1, Q1-mediated currents increase in
magnitude, and demonstrate strong voltage- and slow
time-dependent activation, which typically takes several
seconds to reach steady state (Sanguinetti et al. 1996).
In the heart the KCNQ1–E1 complex conducts the
delayed rectiﬁer current IKS (Barhanin et al. 1996).
KCNE-mediated current (IKS) plays a critical role in
repolarisation of cardiac myocytes, and mutations in Q1
or E1 cause some forms of long QT syndrome, a disease
associated with prolonged cardiac action potentials and
an increased risk of sudden death (Seebohm et al. 2008).
KCNQ1–E1-mediatedformsoflongQTsyndromearealso
associatedwithdeafness,asthechannelcomplexalsoplays
a critical role in the formation of the K+-rich endolymph
in the ear (Casimiro et al. 2001). KCNE1 also plays a role
inregulatoryvolumedecreaseinmurinetrachealcellsand
renal epithelial cells (Lock & Valverde, 2000; Belfodil et al.
2003; Millar et al. 2004), while KCNQ1 is important in
alveolar cell repair (Trinh et al. 2007) and the regulation
of glucose metabolism (Boini et al. 2009).
Although there are a number of studies suggesting that
KCNE1 is important in the regulation of cell volume of
renal epithelial cells (Barriere et al. 2003b;B e l f o d i let al.
2003; Millar et al. 2004), there is still uncertainty about
the physiological role of KCNE1 and whether it regulates
KCNQ1 in renal epithelial cells. This uncertainty is due
to differences in data related to protein expression, and
from functional studies in KCNE1 and KCNQ1 knockout
mice. For example, some studies suggest that KCNQ1 is
expressed strongly in the distal tubule, connecting tubule
and cortical and medullary collecting ducts (Demolombe
et al. 2001; Zheng et al. 2007), with weaker expression in
the late proximal tubule and none in the early proximal
tubule (Zheng et al. 2007). In contrast Vallon et al. (2001)
reported strong expression in late parts of the proximal
tubule. KCNE1, on the other hand, is expressed at higher
levels in the cortex, with one study providing evidence for
thedistaltubuleandcorticalcollectingduct(Demolombe
etal.2001)andanotherstudyindicatingexpressioninthe
apical membrane of proximal tubule cells (Vallon et al.
2001). It is clear, therefore, that although there is some
overlap between the localization of KCNQ1 and KCNE1,
there are other nephron segments where each protein is
expressedindependently.Differencesinexpressionarealso
implicatedbydifferencesinthephenotypesofKCNQ1and
KCNE1 knockout mice. A previous study has shown that
under control conditions KCNE1 knockout mice display
a reduced plasma glucose concentration and increased
urinary loss of Na+,C l − and glucose (Vallon et al. 2001).
It should, however, be noted that the plasma glucose
levelsreportedinthisstudywerehigh,around120mM.I n
contrast,KCNQ1 knockoutmice maintainedon a normal
dietaryintakeoffoodandwatershownormalurinaryloss
of Na+ and glucose (Vallon et al. 2005). Data from iso-
lated proximal tubule in this later study did indicate that
the loss of KCNQ1 appeared to impact on the membrane
potential of these cells and thereby reduced the driving
force for Na+ and glucose cotransport. However, the lack
ofeffectonglucosehandlingintheinvivoclearancestudies
would suggest that its physiological contribution to the
regulation of glucose handling is minor.
These previous studies suggest that KCNE1 may
not regulate KCNQ1 in the nephron, and they also
raise questions as to the importance of KCNE1 under
normal physiological conditions. The aim of the current
study was twofold, to examine whether KCNQ1 is the
channel regulated by KCNE1 under in vivo conditions
by examining the effects on electrolyte balance and renal
function of KCNQ1 inhibitors in wild-type and KCNE1
knockout mice, and secondly to determine whether
KCNE1 plays an important role in renal proximal tubule
function by determining the effects of ablation of KCNE1
on conductance properties of isolated proximal tubules.
Methods
Animal model
Adult wild-type (WT) and KCNE1 knockout (KO) mice
(129-KCNE1tm1shf/J) (129/SV) were obtained from The
Jackson Laboratory (Bar Harbor, ME, USA) and used to
breed mice for use in experimental procedures. Animals
weregenotypedaccordingtostandardJacksonLaboratory
procedures (http://jaxmice.jax.org/strain/003009.html).
For experimental procedures data from adult KO animals
were compared to adult WT littermates. Mice were
typically used between 6 and 10weeks of age, had free
access to food and water and were housed under a
12h light–dark cycle. All experimental procedures were
performed in accordance with the UK Animals (Scientiﬁc
Procedures) Act 1986 and local ethical review.
In vivo studies
Adult mice were weighed and then anaesthetized with
a combination of sodium thiopentone (I.P.i n j e c t i o n
100mgkg−1; Thiovet, C-Veterinary Products, Leyland,
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UK), ketamine (I.P.i n j e c t i o n1 0 m g k g −1) and xylazine
(I.P.i n j e c t i o n1 . 5 m g k g −1; Sigma-Aldrich, Poole, UK).
Animals were placed on a thermostatically controlled
heated blanket to maintain body temperature at 37◦C
(Harvard Apparatus, Edenbridge, UK) and surgically
prepared for renal clearance experiments. Polyethylene
cannulae(Portex,outerdiameter0.63mm,bore0.50mm)
were placed in the left jugular vein for intravenous
infusion and the left carotid artery for continuous blood
pressuremonitoringandbloodsampling.Thebladderwas
also cannulated via a suprapubic incision to allow urine
collection. A tracheotomy maintained a clear airway, with
pure oxygen blown over the neck area.
Once the venous cannula was implanted, mice received
an intravenous infusion of 2.25% bovine serum albumin
(BSA) in 0.9% NaCl at 0.6mlh−1, which was maintained
untiltheendofsurgery.Aftersurgerywascompletedthere
was an equilibration period of 45min, followed by urine
collection over a 60min experimental period. In the ﬁrst
1 5m i no fe q u i l i b r a t i o nm i c er e c e i v e d0 . 6m lo fi n f u s a t e
o v e rt h eﬁ r s t1 5m i na n d0 . 6m lh −1 maintenance infusion
thereafter. To determine the rate of glomerular ﬁltration
(GFR), [3H]inulin (GE Healthcare, Little Chalfont, UK)
was infused at a 1.5μCi priming dose (bolus) during
the ﬁrst 15min of equilibration and then a 4.5μCi h−1
maintenance dose thereafter. Previous experiments have
established that these protocols produce stable plasma
[3H]inulin activity, and ion levels (Na+,C l −,K + and
HCO3
−) during the 60min experimental period (Kibble
et al. 2001).Forthis reason,aterminalplasmasamplewas
used for calculation of renal clearance. After the terminal
blood sample had been taken, animals were killed
by anaesthetic overdose according to UK legislation.
[3H]inulin was assayed by liquid scintillation counting
(Packard Tricarb 2100TR), Na+ and K+ concentrations
by single channel ﬂame photometry (Sherwood model
410, Scientiﬁc Laboratory Supplies, Nottingham, UK),
Cl− by electrometric titration (Jenway PCLM3),
HCO3
− (i.e. total CO2) by carbon dioxide analyser
(Corning 965, Corning Medical and Scientiﬁc, Medﬁeld,
MA, USA), glucose by microﬂuorometry (Nanoﬂo
microﬂuorometer,WorldPrecisionInstruments,Sarasota,
FL, USA) and osmolality by freezing point depression
(Roebling osmometer, Camlab, Cambridge, UK).
The KCNQ1–KCNE1 K+ channel complex is inhibited
by chromanol 293B (Lerche et al. 2007). Experiments
therefore examined whether infusion of chromanol
293B altered renal function in WT and KO mice. If
KCNE1 regulates a chromanol-sensitive channel in the
kidney, addition of chromanol to WT animals would
be expected to mimic data obtained in the KO animals.
In contrast chromanol would be expected to have little
effect on KCNE1 KO animals. Mice infused intra-
venouslywithchromanol293B(TocrisBioscience,Bristol,
UK; a dimethyl sulfoxide (DMSO) stock added to the
NaCl/BSAinfusionsolution)weregivenaninitialbolusof
8mgkg −1 h−1, followed by a 4mgkg−1 h−1 maintenance
dose. Previous studies in dogs have used bolus doses of
between 1 and 10mgkg−1 (Bauer et al. 1999; Varro et al.
2000). All control mice received an equivalent amount
of DMSO vehicle. As a control, a second K+ channel
inhibitor, cloﬁlium, was also used. Cloﬁlium also inhibits
KCNQ1 (Yang et al. 1997), although the KCNQ1–KCNE1
complex is less sensitive to this inhibitor. In the current
study, if cloﬁlium acts on the KCNQ1–KCNE1 complex
then the same effect as chromanol should be observed,
i.e. an effect in WT mice but no effect in KCNE1 KO
animals. In contrast, if cloﬁlium is inhibiting another
channel then the same response should be observed in
both WT and KO animals. Mice infused intravenously
with cloﬁlium tosylate (ICN Biomedicals Inc., Aurora,
OH, USA; a DMSO stock added to the NaCl/BSA
infusion solution) were given 76μgkgmin −1 (both
bolus and maintenance). This dose was equivalent to
150nmolkg−1 min−1, within the range utilised in pre-
viousinvivo studies(63–200nmolkg−1 min−1)(Carlsson
etal.1992;Farkasetal.2008).Again,controlanimalswere
infused with an equivalent amount of DMSO.
Given the proximal tubule location for KCNE1, it
w o u l db ee x p e c t e dt h a tt h el o s so fK C N E 1w o u l di m p a c t
on proximal tubule function. Therefore the handling
of HCO3
− was also examined in both WT and KO
mice, in the absence and presence of chromanol or
cloﬁlium. To assess the overall magnitude of HCO3
−
reabsorption, animals were treated with acetazolamide
(Sigma-Aldrich), a carbonic anhydrase inhibitor (Burg &
Green,1977).Animalswereinfusedwitha20mgkg−1 h−1
bolus, followed by a 10mgkg−1 h−1 maintenance dose
(Fransenetal.1993),allinthestandardNaCl/BSAinfusion
solution. Control mice were infused with an equivalent
amount of infusion solution.
Tubule isolation
Whole cell clamp studies were performed in isolated
proximal tubules in order to identify chromanol-sensitive
currents. Tubules were isolated using a previously
published modiﬁed protocol from Schafer et al. (1997).
Adult mice were killed by cervical dislocation according
to UK legislation. The kidneys were removed and
placed in ice-cold modiﬁed Eagle’s minimum essential
medium (MEM). After peeling off the renal capsule,
thin (<0.5mm) tangential slices were taken from the
cortex. These slices were torn with watchmakers’ forceps
and placed in a conical ﬂask containing MEM, type
II collagenase (0.5mgml−1), protease E (0.1mgml−1),
soyabean trypsin/chymotrypsin inhibitor (50μgml −1)
and glycine (5mM). The ﬂask was incubated at 37◦C
without agitation, and at 10min intervals the digestion
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mediumwas decanted,the incubationmediumrecharged
anddigestioncontinued.Decantedmediumwasplacedon
ice and tubules were allowed to settle to the bottom of the
tube. The supernatant was gently removed and replaced
with ice-cold MEM plus 1% BSA. Tubules were stored
on ice until required. Proximal tubules were identiﬁed
by their diameter (approximately 40μm), the presence of
convolutionsand,whenobserved,anattachedglomerulus
(Schafer et al. 1997).
Whole cell recordings
Proximal tubules were placed in a Perspex bath on the
stage of an inverted microscope (Olympus IX70) and
held in place using two holding pipettes (manufactured
using a Narishige MF900 microforge). Once tubules were
clamped in place, whole-cell recordings were obtained via
the basolateral aspect of the cell and currents recorded in
a variety of different extracellular solutions (see below) at
room temperature. Whole cell recordings were typically
obtained at a site distant from the glomerulus; the exact
recording location along the proximal tubule could not
be determined precisely since full length tubules were
not obtained by this preparation method. Solutions were
changed using a small volume perfusion system (Auto-
mate, Digitimer Ltd, Welwyn Garden City, UK), which
typicallytookaround10–15stoexchangesolutionbathing
the tubule.
Voltage protocols were driven from a Dell computer
equipped with a Digidata interface (Axon Instruments,
Union City, CA, USA) using the pCLAMP software,
Clampex 8, and sampled at 15kHz (Axon Instruments).
Recordings were made using a List EPC-7 ampliﬁer,
with currents saved directly onto the computer hard
disk following low-pass ﬁltering at 5 kHz. Two different
voltage protocols were used. In the ﬁrst protocol, cells
were held at –80mV and then stepped to between +140
and –80mV in –20mV steps, with each step lasting 5s.
In the second protocol cells were held at –40mV, and
then stepped to between +100 and –80mV in –20mV
steps, again with each step lasting for 5s. Mean current
at each potential was measured using Clampﬁt (Axon
Instruments) either initially on stepping the potential or
within 50ms of the end of the potential step, as speciﬁed
in Results. The reversal potential (Vrev) of these currents
was determined using polynomial regression. Whole cell
slope and chord conductances were calculated by taking
the slope of the line over the potential ranges −80 to
+140mV or −80 to +100mV, except where stated. Cell
area was calculated from the capacity transients seen
in response to a 20mV potential step, with membrane
capacitanceassumedtobe1μFcm −2.Thepipettesolution
contained (in mM): 145 KCl, 1 MgCl2, 0.5 ethylene glycol
t e t r a a c e t i ca c i d( E G T A ) ,1 0H e p e s( t i t r a t e dt op H7 . 4
with KOH) and 1 Na2ATP. The control bath solution
contained (in mM): 130 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2,
10 Hepes (titrated to pH 7.4 with NaOH), 10 mannitol
and 100μM gadolinium chloride (to block non-selective
cation channels). To determine relative permeability the
Vrev of currents was determined in control bath solution
(highNaCl)andhighextracellularK+(NaClinthecontrol
bath was replaced with KCl, giving a ﬁnal extracellular K+
concentration of 135mM). Relative permeability was then
determined using the Goldman–Hodgkin–Katz equation.
To examine the effect of the general K+ channel inhibitor
barium (Ba2+), 10mM mannitol in the NaCl control
solution was replaced with 5mM BaCl2. When the effect
of chromanol was examined, 100μM was added directly
to the extracellular solution. A previous study has shown
that the KCNQ1–KCNE1 complex is activated by cAMP
(Kurokawaetal.2003).Therefore,tubuleswereincubated
for 30min in the presence of forskolin (FSK, 10μM)a n d
3-isobutyl-1-methylxanthine (IBMX, 100μM) to increase
cAMP levels before whole cell recordings were obtained.
Chemicals and solutions
The osmolality of all solutions was measured (Roebling
osmometer) and the ﬁnal osmolality was adjusted to
300±1mosmolkg −1 bytheadditionofwaterormannitol
asrequired.ChemicalswereobtainedfromSigma-Aldrich
except where stated and were of analytical grade.
Statistics
Resultsarepresentedasmeans±1SEM,withthenumber
of experiments in parentheses (n). Signiﬁcance was tested
using ANOVA or Student’s ttest as appropriate, and
signiﬁcance assumed at the 5% level.
Results
In vivo studies
In vivo studies were utilised to examine whether KCNQ1
is the channel regulated by KCNE1 under in vivo
conditions by examining the effects on electrolyte balance
and renal function of KCNQ1 inhibitors chromanol
293B and cloﬁlium in wild-type and KCNE1 knockout
mice. Chromanol 293B inhibits the KCNQ1–KCNE1
K+ channel complex (Lerche et al. 2007). Cloﬁlium
also inhibits KCNQ1 (Yang et al. 1997), although the
KCNQ1–KCNE1complexislesssensitivetothisinhibitor.
It also inhibits HERG (Perry et al. 2004) and the two-pore
domainK+ channelTASK-2(Niemeyeretal.2001),which
is known to be involved in volume regulation of mouse
proximal tubules (Barriere et al. 2003a).
C   2011 The Authors. Journal compilation C   2011 The Physiological SocietyJ Physiol 589.14 KCNE1-regulated chromanol-sensitive K+ conductance in mouse kidney 3599
Effect of chromanol and cloﬁlium. The majority of
haemodynamic parameters and plasma concentrations
recordedinWTandKOanimalsintheabsenceorpresence
of chromanol or cloﬁlium were not signiﬁcantly different
between each treatment group (online Supplemental
Material, Tables S1 and S2). There were signiﬁcant
differences in renal parameters between WT and KO
mice. KO mice demonstrated an increased fractional
excretion (FE) of Na+ (P <0.01), Cl− (P <0.04) and
water (P <0.006) (Fig.1A, B and E) and urine ﬂow rate
(P <0.01) (Fig.1F). The renal handling of K+ (P =0.3)
and glucose (P =0.19) was not different in KO animals
(Fig.1C and D). These differences were mimicked by
exposing WT mice to chromanol. Like KO animals,
chromanol-treated WT mice also had increased urine
ﬂow rate (P <0.001) and FE of Na+ (P <0.001), Cl−
Figure1. InvivorenalparametersinWTandKOmiceinfusedwithDMSOvehicle,chromanolorcloﬁlium
WT mice, hatched bars; KO mice, ﬁlled bars. Chromanol, 4 mg kg−1 h−1 maintenance dose; cloﬁlium, 76 μgk g −1
min−1 maintenance dose. FE, fractional excretion (Na+,C l −,K +, glucose, water); V, urine ﬂow rate. ∗Signiﬁcant
difference from WT vehicle; †signiﬁcant difference from KO vehicle. n = 8 for WT vehicle, n = 9 for KO vehicle,
n = 6 for WT chromanol, n = 9 for KO chromanol, n = 10 for WT cloﬁlium, n = 9 for KO cloﬁlium.
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Table 1. Effect of glucose infusion
Treatment n GFR (μlm i n −1) Pglucose (mM) Cglucose (μlm i n −1) UVglucose (μmol min−1)F E glucose (%)
WTglucose 8 372 ± 26 34.6 ± 2.80 49 ± 22 1.90 ± 0.88 12.3 ± 5.2
KOglucose 8 406 ± 31 32.4 ± 2.5 45 ± 14 1.56 ± 0.51 10.6 ± 3.3
n,numberofanimals;Pglucose,plasmaglucose;Cglucose,glucoseclearance;UVglucose,urinaryglucoseloss;FEglucose,
fractional excretion of glucose. WTglucose and KOglucose indicate glucose treated animals.
(P <0.002) and water (P <0.002) (Fig.1A, B, E and F).
However, the addition of chromanol to KO animals was
without effect on these parameters (P >0.5) (Fig.1A, B,
E and F). In contrast, infusion of another K+ channel
inhibitor,cloﬁlium,producedadifferentresponse.Inboth
WT and KO animals cloﬁlium was associated with an
increase in the FE of Na+ (P <0.01), Cl− (P <0.03) and
H2O(P <0.04)(Fig.1A,B andE).Unlikechromanol,the
patternofresponsetocloﬁliumwasthesameforbothWT
and KO animals.
Renal glucose responses. Ap r e v i o u ss t u d yo nK C N E 1
KO mice provided evidence for an increase in the FE of
glucose(Vallonet al. 2001). However, in the currentstudy
no effect was observed. The FEglucose was 0.30±0.06%
(n=8) and0.26±0.06% (n=9) in WT and KO animals,
respectively (P =0.19) (Fig.1D). To determine whether
an effect of glucose handling in KO animals could be
induced,bothWTandKOanimalswereinfusedwitha5%
glucose solution. Data from these experiments are shown
in Table 1. In both WT and KO animals, plasma glucose
wasincreasedcomparedtocontrolinfusion,8.4±2.0mM
(n=8) and 10.8±1.5mM (n=9) for control WT and
control KO animals (supplemental Table S1), respectively,
compared to the glucose infusion data shown in Table 1.
There was also an expected increase in FEglucose (compare
Fig.1D to Table 1). However, there was no difference in
plasma glucose (P =0.53), glucose clearance (P =0.86),
urinary glucose excretion (P =0.74) or FE of glucose
(P =0.87) between WT and KO animals.
RenalHCO3
− responses. Incontrasttothelackofeffecton
glucose handling, there were small but signiﬁcant effects
on HCO3
− handling (Fig. 2). As expected, the carbonic
anhydrase inhibitor acetazolamide (ACTZ) increased the
renal excretion of HCO3
− (P <0.001), and this was
associated with a fall in plasma HCO3
− levels (P <0.001)
(Fig.2A). There was no effect of absence of KCNE1
on plasma HCO3
− (P >0.4), although both cloﬁlium
(P <0.001) and chromanol (P <0.03) did produce small
but signiﬁcant reductions in plasma HCO3
− in both WT
and KO mice. In terms of HCO3
− clearance and urinary
HCO3
− loss, only ACTZ had an effect (P <0.0001)
(Fig.2B and C). However, the fractional excretion of
HCO3
− was increased in KO mice versus WT (P <0.02),
and chromanol in WT mimicked the increase (P <0.01)
observed in KO mice (Fig.2D). The chromanol induced
loss of HCO3
− i nW Tm i c ew a sa b s e n ti nK Om i c e
(P >0.6) (Fig.2D). Cloﬁlium was without effect on
the fractional excretion of HCO3
− in both WT and KO
mice(P >0.24)(Fig.2D).Itshouldbenotedthatalthough
the fractional excretion of HCO3
− in KO animals was
double that of WT, the increase was small in comparison
to the effect of ACTZ.
These in vivo clearance studies demonstrated that
infusion of chromanol 293 to WT mice was able to mimic
the effects observed in KCNE1 KO mice. In contrast
chromanol was without effect in the KCNE1 KO mice,
suggesting that KCNE1 regulates a chromanol-sensitive
pathway in renal tubules.
Whole cell recordings
Whole cell recordings were used to determine whether
KCNE1 plays an important role in renal proximal tubule
function by determining the effects of ablation of KCNE1
on conductance properties of cells in whole isolated renal
proximal tubules.
Total current properties. The capacitance of the cells
in WT tubules was 11.7±0.74pF (n=41). This was
not signiﬁcantly different to the cells in KO tubules
(P =0.1) (13.5±0.84pF, n=30). Cells were initially
clamped at –80mV, and then stepped to between +140
and –80mV in –20mV steps. Cells were clamped at each
test potential for 5s and mean currents recorded initially
onsteppingthepotentialandagainattheendofthevoltage
step. In both WT and KO tubules, total currents were
voltage independent, but demonstrated a small amount
of time-dependent inactivation. Figure3A shows typical
currentrecordingsfromcellsinaWTandKOtubule,while
Fig.3B shows the mean steady state currents recorded
from WT and KO tubules. In both WT (P =0.026)
and KO (P =0.006) tubules the whole cell conductance
(determinedbetween−80and+140mV)decreasedfrom
the start of the potential step compared to the end of the
potentialstep(Fig.3C).Thisappearedtobeaconsequence
ofasmallfallinoutwardcurrents(Fig.3A).TheVrevvalues
of the currents were not signiﬁcantly different between
WT and KO tubules, −32.2±3.62mV (n=15) versus
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−36.5±4.16mV (n=11), respectively (P =0.42). There
was also no signiﬁcant difference between the magnitude
of the cellular conductances (P =0.38) (Fig.3C).
Toexaminetherelativepermeabilityofthetotalcurrent,
the NaCl bath solution (130mM NaCl and 5 mM KCl)
was replaced by one containing KCl (135mM KCl). Cells
were held at −40mV and then clamped to between
+100 and −80mV, in −20mV steps. In WT cells, the
mean Vrev of total currents in NaCl was −34.5±5.07mV
(n=9; Fig.4A). Replacement of Na+ by K+ shifted the
Vrev by 31.7±5.18mV (P <0.001) to −2.80±0.99mV,
corresponding to a Na+:K + permeability ratio of
0.30±0.07. In KO cells the mean Vrev of total currents in
NaCl was −39.0±6.48mV (n=7; Fig.4B). Replacement
of Na+ by K+ shifted the Vrev by 35.8±6.65mV
(P <0.002) to −3.20±2.32mV, corresponding to a
Na+:K+ permeability ratio of 0.26±0.08. There was no
signiﬁcant difference in either the shift in Vrev (P =0.61)
or the permeability ratio (P =0.54) between WT and KO
cells.
Effect of barium. With NaCl in the bath, cells were
initiallyclampedat−80mV,and thensteppedto between
+100 and −80mV in −20mV steps for 5 s. Currents
were recorded under control conditions and then with
5m M Ba2+ in the bath. Addition of Ba2+ inhibited
whole cell currents in both WT and KO (Fig.5A). In
WT cells whole cell conductance (determined between
+100and−80mV)was40.0±5.3nSand30.7±4.36nS,
in the absence and presence of Ba2+, respectively, a
decreaseof23%(P <0.001)(n=13;Fig.5B).Ba2+shifted
the Vrev of the total current from −30.1±2.50mV to
−17.2±3.08mV (P <0.001), consistent with inhibition
of a K+ conductance. The Vrev of the Ba2+-sensitive
conductance was −65.1±5.17mV (Fig.5D), which
Figure 2. In vivo HCO3
− handling data in WT and KO mice infused with DMSO vehicle, chromanol or
cloﬁlium
WT mice, hatched bars; KO mice, ﬁlled bars. Chromanol, 4 mg kg−1 h−1 maintenance dose; cloﬁlium, 76 μgk g −1
min−1 maintenancedose. PHCO3,plasmaHCO3
− concentration;CCO2,HCO3
− clearance;UV CO2,urinaryexcretion
HCO3
−;F E CO2, fractional excretion of HCO3
−. n = 14 for WT vehicle, n = 6 for WT ACTZ, n = 16 for KO vehicle,
n = 6 for KO ACTZ, n = 6 for WT chromanol, n = 9 for KO chromanol, n = 10 for WT cloﬁlium, n = 9f o rK O
cloﬁlium. ∗Signiﬁcant difference from WT vehicle; †signiﬁcant difference from KO vehicle.
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Figure 3. Total steady state whole cell currents in
WT and KO proximal tubule cells
A, typical traces obtained from WT (upper) and KO
(lower) recordings. Clamp potential was stepped from
−80 mV to between +140 and −80 mV. The arrows
indicate the zero current level. B, mean I–V curve of
total current in WT (, n = 15) and KO recordings
(•, n = 11). C, mean conductance in WT and KO
recordings initially on stepping the potential and at the
end of the potential step.
Figure 4. Relative permeability of total currents
A, mean I–V curve of total current in WT recordings (n = 9) exposed to bath NaCl (), bath KCl (•) and then NaCl
wash (). B, mean I–V curve of total current in KO recordings (n = 7) exposed to bath NaCl (), bath KCl (•)a n d
then NaCl wash (). Mean currents were recorded at the end of the potential step.
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corresponded to a Na+:K+ permeability ratio of
0.07±0.01. The conductance of KO cells (determined
between +100 and −80mV) was 40.5±7.87nS and
28.5±6.45nS, in the absence and presence of Ba2+,
respectively, a decrease of 30% (P <0.01) (n=6;
Fig.5C). Ba2+ shifted the Vrev of the total current
from −38.7±5.13mV to −23.5±3.75mV (P <0.001),
consistent with inhibition of a K+ conductance. The Vrev
of the Ba2+-sensitive conductance was −69.5±8.61mV
(Fig.5D), which corresponded to a Na+:K+ permeability
ratio of 0.06±0.04. There was no difference between
the magnitude of the Ba2+-sensitive conductance in
WT and KO cells (9.34±1.57nS versus 11.5±3.12nS,
respectively, P =0.52), the Vrev of the Ba2+-sensitive
conductance (P =0.67), nor the Na+:K+ permeability
(P =0.83) (Fig.5D).
Effect of chromanol. Given that the in vivo data showed
that there was an effect of chromanol 293B that was
lost in KO animals, the effect of chromanol 293B on
cellular currents was examined. Cells were clamped
initially at −80mV, and then stepped to between +100
and −80mV in −20mV steps for 5s. Currents were
Figure 5. Effect of bath 5 mM Ba2+ on WT and KO recordings
A, typical traces obtained from WT (left) and KO (right) recordings under the control condition (upper) and in the
presence of Ba2+ (lower). Clamp potential was stepped from −80 mV to between +100 and −80 mV. B, mean
I–V curve in WT recordings (n = 13) under the control condition () and in the presence of Ba2+ (•). C, mean
I–V curve in KO recordings (n = 6) under the control condition () and in the presence of Ba2+ (•). D, mean
Ba2+-sensitive currents taken from data in B and C in WT ()a n dK O(•) recordings. Mean currents were recorded
at the end of the potential step.
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recorded under the control condition (high NaCl) and
then with 100μM chromanol 293B added to the bath
(Fig.6A). In WT recordings chromanol had a small
but signiﬁcant effect on current magnitude (Fig.6B).
Whole cell conductance (determined between +100
and −80mV) was 42.1±7.50nS and 37.8±6.48nS
(n=13), in the absence and presence of chromanol,
respectively, a mean fall of 10% (P =0.04). This fall in
conductance was associated with a signiﬁcant positive
shift in Vrev from −37.3±2.27mV to −33.1±2.44mV
(P <0.001). The chromanol-sensitive current had a
Vrev of −73.9±4.29mV, corresponding to a Na+:K+
permeability ratio of 0.03±0.01 (Fig.6D). In KO
recordingschromanolwaswithouteffect(Fig.6C).Whole
cell conductance was 38.0±6.97nS and 35.9±6.28nS
in the absence and presence of chromanol, respectively
(n=13) (P =0.1). There was no effect of chromanol
on the Vrev of whole cell currents (–29.2±3.49mV
versus −28.7±3.44mV, P =0.55). Figure6D shows the
chromanol-sensitivecurrentinWTrecordingsincontrast
to the lack of current observed in KO recordings.
In WT cells the relative permeability of the
chromanol-sensitive conductance was determined with
130mM NaCl plus 5mM KCl in the bath. After
wash-out of chromanol, bath NaCl was replaced
with KCl, giving a 135mM KCl and 0 mM NaCl
bath solution. The chromanol-sensitive conductance
with this high K+ solution was then determined
(Fig.7A) .C e l l sw e r eh e l da t−40mV and then
clamped to between +100 and −80mV, in −20mV
steps. In NaCl, the Vrev of the chromanol-sensitive
conductance was −74.1±3.01mV (n=7: Fig.7B).
Replacing bath Na+ with K+ produced a shift in
Vrev of 69.3±3.40mV, to −4.76±1.66mV (Fig.7B)
(P <0.001).This correspondedto a Na+:K+ permeability
ratio of 0.03±0.01. In essentially symmetrical K+
solutions (135mM outside and 145mM inside) the
chromanol-sensitive conductance was non-rectifying,
exhibiting ohmic currents over the potential range −60
to +80mV. Gout (measured between +80 and +20mV)
was5.93±1.87nS,whileGin (measuredbetween−20and
−60mV) was 6.57±2.32nS. There was no signiﬁcant
difference between these (P =0.41).
A previous study has shown that the KCNQ1–KCNE1
complex is activated by cAMP (Kurokawa et al.
2003). Therefore, if the chromanol-sensitive conductance
observed in WT renal proximal tubule cells is mediated
by this complex we would predict that activation of
Figure 6. Effect of 100 μM chromanol on WT and
KO recordings
A, typical traces obtained from WT (left) and KO (right)
recordings under the control condition (upper) and in
the presence of chromanol (lower). Clamp potential was
stepped from −80 mV to between +100 and −80 mV.
B, mean I–V curve in WT recordings (n = 13) under the
control condition () and in the presence of chromanol
(•). C, mean I–V curve in KO recordings (n = 13) under
the control condition () and in the presence of
chromanol (•). D, mean chromanol-sensitive currents
taken from data in B and C in WT ()a n dK O( •)
recordings. Mean currents were recorded at the end of
the potential step.
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cAMP should increase current magnitude. However,
incubating tubules with FSK/IBMX (10μM/100μM),
which increases cAMP levels, was without effect
on the chromanol-sensitive conductance (Fig.7C
and D). The chromanol-sensitive conductance in
WT non-FSK/IBMX-treated tubules was 2.33±0.54nS
(n=13), while in WT FSK/IBMX-treated tubules the
chromanol-sensitive conductance was 2.14±0.48nS
(n=15) (P =0.79). The Vrev values of these were
also not signiﬁcantly different (−73.9±4.29mV
versus −77.8±4.36mV, under control and FSK/IBMX
conditions, respectively, P =0.51).
These data provide evidence for the presence of a
chromanol-sensitive, KCNE1-regulated K+ conductance
in mouse renal proximal tubules that showed no voltage
dependenceandwasnotactivatedbycAMPstimulation.
Discussion
Previous work by Vallon et al. (2001, 2005) has suggested
t h a tK C N E 1a n dK C N Q 1p l a yar o l ei nr e n a lp r o x i m a l
tubule function. In their studies KCNE1 KO mice
demonstrated increased urinary loss of glucose, Na+,
Cl− and H2O. In addition, it has been suggested that
KCNE1 couples with KCNQ1 in the kidney to contribute
torenalK+ handling.However,inKCNQ1KOmiceunder
controlconditionstherewasnorenalphenotype,although
changes in proximal tubule function were observed on
glucose loading. The differences in these two studies
suggest that KCNE1 and KCNQ1 have different roles
in the nephron, and challenge the idea that these two
proteins form a complex that plays an important role in
renal K+ handling. In the currentstudy data from KCNE1
knockout mice suggest that it has a relatively minor role
in maintaining normal renal function. In addition, the
pharmacological, clearance and whole cell conductance
data indicate that the channel regulated by KCNE1 in
the proximal tubule is unlikely to be KCNQ1.
Where is KCNE1 functionally expressed?
Althoughthepreviousfunctionalworkhassuggestedarole
forKCNE1intheproximaltubule(Vallonetal.2001),data
from localization studies are conﬂicting, with evidence
for KCNE1 expression in the distal tubule and cortical
collectingduct(Demolombeetal.2001)andanotherstudy
Figure 7. Relative permeability of 100 μM
chromanol-sensitive conductances and effect of
cAMP activation
A, typical traces from a WT recording in the presence of
bath KCl (upper) and KCl plus chromanol (lower). B,
mean I–V curve of chromanol-sensitive currents in
paired cells in the presence of Na+ bath solution ()o r
K+ bath solution (•)( n = 7). C, typical traces from a WT
tubule previously stimulated with FSK (10 μM)a n dI B M X
(100 μM). In the upper trace the bath contained high
Na+, while in the lower trace it contained high Na+ plus
chromanol. D, mean I–V curve of chromanol-sensitive
currents in cells under the control condition ()( n = 13)
or after cells had been incubated with FSK (10 μM)a n d
IBMX (100 μM) for 30 min (•)( n = 15). Under both
conditions the bath contained high Na+. Mean currents
were recorded at the end of the potential step.
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indicating a proximal tubule apical membrane location
(Vallon et al. 2001). In addition, there are no reports
of direct electrophysiological measurement of KCNE1
function in the renal proximal tubule in native tissue. The
current study provides the ﬁrst electrophysiological data
that support a role for KCNE1 in regulating K+ channels
inrenalproximaltubule.InWTtubules,wholecellvoltage
clamp approaches clearly showed a small but signiﬁcant
effect of the K+ channel inhibitor chromanol 293B. This
inhibition was absent in KCNE1 KO mice, indicating that
thelossofKCNE1wasimpactingonachromanol-sensitive
channel. The conductance sensitive to KCNE1-knockout
and chromanol (IE1)w a sK + selective, as shown by the
negative Vrev under physiological conditions, and the
large positive shift in Vrev in response to an increase
in extracellular K+ (Na+:K+ permeability ratio of 0.03).
IE1 was relatively small, comprising only 10% of the
total current observed. Given the high concentration of
chromanol used in the present study, this small degree of
inhibition could reﬂect either (1) a small contribution
to the total current or (2) a possible issue with the
access of the chromanol to the channel. Inhibition by
chromanol took around 30s to reach steady-state (data
not shown), suggesting that drug access was not an issue.
This compares to around 18 s for Ba2+ inhibition to
reach steady state (data not shown). Additionally, it is
clear that the total cellular current is not purely due to
K+-selectivechannels.Forexample,theVrev ofthecontrol
current was on the order of −30 to −40mV, well away
from the Nernst potential for K+. Consistent with this, a
typical maximal inhibitory concentration of the generic
K+ channel inhibitor Ba2+ only blocked control currents
by around 30%. This suggests that additional channel
types may be present, for example Cl− channels (Rubera
et al. 1998). Thereforeit is likely that IE1 onlyplaysa small
contribution to the cellular K+ currents.
Where is IE1 located? When using single cells the
whole cell clamp technique typically records the total
current passing across all of the cell membrane, and
therefore speciﬁc membrane location in epithelial cells
cannot be determined. Using tubules introduces another
consideration:theissueofthetightjunctionsandwhether
the apical and basolateral membranes are electrically
isolated. Finally, when clusters of cells are used then
measurements could be taken from more than one cell.
The capacitance measurements support the idea that
currents are recorded from both the apical and baso-
lateral membranes and probably from single cells. Mean
capacitance measurements were on the order of 10–13pF.
In previous studies on single mouse proximal tubule
cells, capacitance was around 10pF (Kibble et al. 2001;
Balloch et al. 2003). Therefore the capacitance of the
cells utilised in the current study are consistent with
measuring currents from both the apical and baso-
lateral membranes. This means that IE1 could be on
either the basolateral or the apical membrane. In pre-
vious single channel work on mouse proximal tubules
we have observed a Ba2+-sensitive, inwardly rectifying
K+ channel on the basolateral membrane that was not
regulated by KCNE1 (Millar et al. 2001). Unfortunately,
due to the nature of the apical membrane of proximal
tubulecells,ithasnotbeenpossibletoconsistentlyachieve
agigaohm-sealviathismembranetoascertainwhetherIE1
is found apically. Irrespective of in which membrane the
K+channelsarelocated,however,itisclearfromtheirhigh
K+ permeabilitythattheywouldbeexpectedtocontribute
tothemembranepotentialandthereforethedrivingforce
for Na+ reabsorption by the proximal tubule.
What is the physiological role of KCNE1 under control
conditions?
As shown by Vallon et al. (2001), loss of KCNE1 was
associated with increased excretion of Na+ and Cl−,a n d
ﬂuid excretion rose as a consequence of the increased
urinary osmotic load. This is consistent with a role for
KCNE1 in renal tubules contributing to the driving force
f o rt h eu p t a k eo fN a + and Cl−. Together with the voltage
clamp data described earlier this suggests that KCNE1
plays a role in renal proximal tubule cell function. Of
interest, neither glucose handling nor plasma glucose
concentration were affected in our present study, which
is in direct contrast to the previous study (Vallon et al.
2001), where increased urinary loss of glucose was
observed. The reason for this difference is not clear,
but may reﬂect the high plasma glucose concentrations
reported in the Vallon study, on the order of 120mM.
In the current study plasma glucose levels were closer to
physiological,around10mM.However ,evenwhenplasma
glucose levels were increased to around 35mM,b o t h
WT and KO animals increased their FE by comparable
amounts, suggesting that glucose handling was similar in
thetwogenotypes.Therefore,undercontrolandmoderate
glucose loading conditions, KCNE1 appears to play a
minor role in maintaining glucose uptake. Given the fact
that most glucose absorption occurs in the ﬁrst third of
theproximaltubule(Frohnertetal.1970)itwouldsuggest
that, functionally, KCNE1 is playing a role in the more
distal two-thirds of the proximal tubule.
What about the handling of other ions?
Around 80% of the ﬁltered HCO3
− is reabsorbed in
the proximal tubule, with a further 10% in the thick
ascending limb and 10% in the distal nephron. Within
the proximal tubule the reabsorption of HCO3
− is driven
by the turnover of the Na+–H+ exchanger. In turn the
e x c h a n g e ri sd r i v e nb yt h ee l e c t r o c h e m i c a ld r i v i n gf o r c e
for Na+, and therefore by the proximal tubule apical
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membrane potential. KCNE1 KO proximal tubules have
been shown to have a depolarised membrane potential
(Vallon et al. 2001). Within the proximal tubule HCO3
−
reabsorption is high initially, and decreases along the
length of the proximal tubule (Liu & Cogan, 1984).
Critically,therateofbicarbonatetransportisstillrelatively
high at points along the proximal tubule when glucose
transport is minimal (reviewed by Maddox & Gennari,
1987). Therefore, if KCNE1 and its associated K+ channel
were playing an important role in the last two-thirds
of the proximal tubule it would be expected that there
would be a small to moderate increase in the excretion
of HCO3
− in KCNE1 KO mice. The data presented show
that there was an increased loss of HCO3
− in the KO
animals, with the FEHCO3 doubled. In contrast, ACTZ
caused a much larger increase in HCO3
− loss, with the
FEHCO3 increased 100-fold in WT animals and 50-fold in
KOanimals.Thisgreaterlossisconsistentwithaneffectof
ACTZ additionally inhibiting HCO3
− handling down the
length of the nephron. The loss of HCO3
− due to the loss
of KCNE1 was relatively small in comparison to the effect
of ACTZ, again consistent with a more distal proximal
tubule function for KCNE1. Therefore, it is clear that the
l o s so fK C N E 1h a sa ni m p a c to nH C O 3
− handling. This
suggeststhatKCNE1playsaminor,butsigniﬁcant,rolein
driving the reabsorption of HCO3
−.
Insummary,thesedataareconsistentwiththeideathat
KCNE1 regulates a K+ channel in the nephron at the level
oftheproximaltubule.ThisKCNE1–K+ channelcomplex
(IE1) appears to play a minor role in driving ion transport
in the proximal segment, as loss of KCNE1 only had a
smalleffectonNa+,Cl −,waterandHCO3
− handling.The
differential effect on reabsorption of HCO3
− and glucose
suggests that IE1 is functionally important in the latter
two-thirds of the proximal tubule. It is likely that the
KCNE1–K+ channel complex contributes to the resting
membranepotentialinthesecellsandthereforeinﬂuences
ion transport. When KCNE1 is absent, the driving force
for ion uptake is reduced, leading to the renal phenotype
observed.
Is KCNE1 regulating KCNQ1?
KCNQ1 is inhibited by chromanol 293B (Lerche et al.
2007)andcloﬁlium(Yangetal.1997).Thereforesensitivity
to chromanolwouldbeconsistentwitharoleforKCNQ1.
Both electrophysiological and clearance data suggest that
KCNE1 is regulating a chromanol-sensitive K+ channel.
In the voltage clamp studies, a chromanol-sensitive K+
current was observed that was absent in the KCNE1
KO animals. In addition, in WT animals infusion of
chromanolwasabletomimicthephenotypeoftheKCNE1
KO mice, i.e. increased loss of Na+,C l −,H C O 3
− and
water. The chromanol effect was absent in the KCNE1 KO
animals, consistent with absence of KCNE1 causing loss
of K+ channel function. Given that this loss of function
was also observed directly in the proximal tubule voltage
clamp studies, this suggests that the main site of function
for KCNE1 may be the proximal tubule, although a role
in other segments cannot be excluded. Therefore these
data strongly support a proximal tubule role for IE1.
However, the electrophysiological evidence would argue
against a role for KCNQ1. IE1 in WT cells demonstrated
several properties that suggest it is not attributable
to KCNQ1. In the ﬁrst instance the current–voltage
proﬁle of IE1 was not consistent with KCNQ1, with IE1
showing an ohmic proﬁle, while the KCNQ1–KCNE1
complex typically shows outward rectiﬁcation (Yang
et al. 1997). In addition, the Q1–E1 complex is not open
atnegativepotentials,whileIE1 wasactive.IE1 alsodidnot
demonstrate the slow time-dependent activation typical
of the Q1–E1 complex (at +100mV 73.2±9.68pApF−1
versus 47.7±9.49pApF−1 (n=12), on initially stepping
the potential and at the end of the potential step,
respectively). Moreover, increasing cAMP levels, which
is known to activate the Q1–E1 complex (Kurokawa
et al. 2003; Nicolas et al. 2008), was without effect
on IE1.
The renal effects of cloﬁlium, which inhibits KCNQ1
(Yang et al. 1997), were more complex. At the level of the
tubule, cloﬁlium had similar effects on the renal clearance
proﬁle to chromanol. However, with cloﬁlium infusion
therewasanincreaseinNa+,Cl − andwaterexcretion,but
there was no impact on HCO3
− excretion and, moreover,
these responses to cloﬁlium were intact in KCNE1 KO
mice. Therefore, although cloﬁlium also has the ability
to disrupt renal function, presumably through inhibition
of other K+ channels, these channels are distinct from
those mediating IE1. Cloﬁlium also had an impact at the
level of the glomerulus, reducing GFR in both wild-type
and knockout mice, suggesting that cloﬁlium-sensitive
channels play a role in renal haemodynamics. Taken
together, the chromanol and cloﬁlium data suggest that
in the renal proximal tubule the K+ channels regulated by
KCNE1 are not KCNQ1.
In summary, The present study supports the idea
that KCNE1 plays a role in renal proximal tubule
function, contributing to the driving force for Na+ and
Cl− transport, and provide the ﬁrst electrophysiological
evidence for the presence of a KCNE1-regulated,
chromanol-sensitive K+ channel (IE1) in these cells. The
lackofeffectofKCNE1knockoutonglucosehandlingand
the magnitude of the impact on HCO3
− handling suggest
that it is likely to be functionally important in the distal
parts of the proximal tubule. Consistent with previous in
vivostudies,IE1 isunlikelytobeattributabletoKCNQ1,as
they share few properties. Overall these data suggest that
KCNE1 and IE1 play a relatively minor role in proximal
tubule reabsorption.
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